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The photodissociation of the vinyl radical (C,H3) at 243 nm studied
by velocity map imaging
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The technique of velocity map imagif§yELMI ) has been applied to study the photodissociation of
the vinyl radical (GH3) at 243.2 nm in a molecular beam. Using momentum conservation, we show
that the primary product is singlet vinylidefie,CC(X 2A")], or singlet acetylene at energies where
interconversion between the,&IC and HCCH geometries is facile. In addition, a minor contribution
is seen which is assigned to triplet acetyl€@sH,(a °B,)]. We argue that out-of-plane motion of
the third H atom is necessary to bring the excited state&] symmetry, to a\’ symmetry leading

to products, and the observed tranlsational energy distribution may show evidence of the barrier to
this process. The heat of formation of vinylidene is derived to be 0.3 kcal/mol, in agreement
with literature values. From the translational energy release, we derivEytfa triplet acetylene
C,H,(a%B,) to be 28900 cm?, which does not agree well with receab initio calculations.
Possible reasons for the disagreement are discussedl99® American Institute of Physics.
[S0021-960629)00709-9

INTRODUCTION Glukhovtsev and Bachhave carried out arab initio
study on the thermochemistry of the vinyl radical and de-

To date there has been no direct experimental study ORyed the heat of formatiodH? to be 73.09 kcal/mol. Ervin

the photodissociation dynamics of the vinyl radical. This isgt g 10 using negative ion photoelectron spectroscopy and

surprising given the importance that vinyl and related radi-ya5_phase proton transfer kinetics experiments, reported an

cals play in hydrocarbon fuel combustion chemistriix- experimental value foAHY as 72.680.79 kcal/mol. The

perimental studies have been limited to inference based UPQQational Institute of StandardIST) web book databask

the secondary photodissociation of vinyl radicals formed inrecommends a value of 71.53.20 kcal/mol, while an ear-

the near ultravioletUV) photodissociation of ethyleA@nd lier compilatiort? of thermochemical data cites 63:40.96

chloro-ethylenes. However, there have been a number Ofkcallmol

theoretical studies on the photodissociation processes for the A vi.ibI bsorption trum due to the—X el

vinyl radical. Sevinet al? carried outab initio calculations A Visible absorplion spectru ue fo elec

of the potential energy surfaces for bond rupture and hydro'Eronlc transition of the vmyl radical has been Qetected Using

gen migration pathways for the ground and excited states thotc_)c_:hemlcal ) modulation ~ spectroscopy n Hg-photo-

the vinyl radical. They considered onG, dissociation, and sensitized reaction’S.The threshold of absorption is at 495.5
. v 1

found a direct adiabatic pathway taking the excited vinyl"M and reaches maximum intensity around 400 nm. Two
radical to the ground state of acetylerid, over a high bar- Rydberg state¢164.71 and 168.33 nnof the vinyl radical
rier. They did not consider th€, dissociation pathway to haye been detected via absorption in the vacuum ultraviolet
vinylidene+H. Paddon-Row and Poplestudied both the Using flash photolysis’ Very recently, a UV spectrum for
ground state and the first excited surfaces of vinyl in anvinyl has been reported for the region 225-238 ¥iriihe
effort to understand experimentally observed scrambling offbSOrption cross section increases fromID™'° at 238 nm
the H atoms joined to a common carbon site. They found thi¢0 nearly 1x10™*" at 225 nm. There have been no other
interconversion occurs through an inversion mechanism offcent spectroscopic investigations on the excited states of
the ground state with a barrier of 4.4 kcal/mol, while in thethe vinyl radical; theorists, however, have been actively pur-
first excited state the analogous process occurs through ogting the study of these excited electronic stifeShere is
of-plane motion of the third H atom with a barrier of 7.3 also considerable controversy surrounding the ionization po-
kcal/mol. tential, with experimental values ranging from 8.25 to 8.95
Recently, Wanget al® calculated the bond dissociation ev?
energy for the vinylideng84.46 kcal/mol and acetylene In 1965, R. G. W. Norrish asserted that combustion re-
(40.70 kcal/mol channels of the vinyl radical, and extended search followed two principal lines of investigation, one of
these studies to identify the excited electronic states of thevhich is “to find the nature of the chain centers, and inter-
vinyl radical and calculate a vibronic spectrin®eterson mediate products, and to examine quantitatively their reac-
and Dunning using correlated molecular wave functions, tions, and also involves analytical photochemical and spec-
have also calculated the bond dissociation ené@$y8 and  troscopic studies.!® Following in that vein, we have started
40.2 kcal/ma) for the vinyl radical. a new project to study the photodissociation of free radicals
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Video Camera profile of the H atom, since the line width of the laser light
Imaging <, was narrower than the Doppler spread.
Detector
RESULTS
Flight Tube The judicious combination of radical precursor in con-
junction with the appropiate photolysis wavelengths allows
-

us to prepare an intense vinyl radical beam for photodisso-
243nm > ciation studies. Vinyl chloride has a maximum absorption at
193 nnf? (precursor photolysis wavelengthand it has no
detectable absorption at 243 nfradical photolysis wave-
length. In the experiments reported here, the H atom signal
Pulsed Valve was over 100 times more intense with the excimer laser on,
compared to off, essentially providing us with a background
free environment.
FIG. 1. Schematic view of the velocity map imaging machine. A potential problem in our experiments is the generation
of H atoms in the photolysis of the radical precursor vinyl
chloride. Blanket al? have recently shown that in addition

in molecular beams using velocity map imagitELMI).%7 to the CI elimination channel in the photodissociation of vi-

The study of the dynamics of photodissociation can giveV! chioride at 193 nm there is also an H atom elimination
detailed information on the nature of the potential energy°na@nnel- These H atoms will be entrained in the beam and
surfaces and the coupling between them, the structure of th¥ill be detected in addition to any H atoms that are formed
transition state, and the identity and thermodynamics of thd)_the photodissociation of the vinyl radical itself. The
dissociation pathway¥ It is with an eye to the thermody- YELM! technique allows us to circumvent this problem,
namics of dissociation processes that we report in this lettefince all entrained H atoms with the same initial velocity
the first experimental investigation of the photodissociation’€ctor in the plane parallel to the detector are focused to the
of the vinyl radical. same pomt,_ regardless of their dlstan_ce from the ion I(_ans
axis. A raw image of H atoms formed in the photodissocia-
tion of the vinyl radical is shown in Fig.(8). The direction
EXPERIMENT of the molecular beam is from the upper right to the bottom
left of the image, and the laser propagation direction is
The molecular beam apparatus has been described in déwough the center of the image from right to left. The ex-
tail in a recent publicatioh’ A modification in the present tremely bright spot near the center is the H atoms formed in
experiment was to install a closed cycle He cryo-pump tahe photolysis of vinyl chloride. The rest of the image is
minimize hydrocarbon background in the detection chambercomposed of H atoms formed via vinyl radical photodisso-
The vinyl radical (GH3;) beam was generated by photolyz- ciation. There is also structure in the outer edges of the im-
ing a 5% mixture of vinyl chloride (&H5C) in He, using the age: two rings which can be seen in Figa)2are marked. In
focused 193 nm output of an ArF excimer lageambda-  addition, there is another very slow feature. This was studied
Physik, at the nozzle of a Proch-Trikpiezoelectric pulsed in greater detail by reducing the acceleration fields to expand
valve. After the radical beam was collimated by a skimmerthe image, and scanning the Doppler profile across this fea-
it was crossed by a second photolysis and pra@e coloj  ture only. Figure %) shows this magnified image of the
laser beam on the axis of a velocity focusing time-of-flightinner area of the H atom distribution. Offset from the bright
mass spectrometer. A schematic of the experimental apparapot of H atoms formed via vinyl chloride dissociation at the
tus is shown in Fig. 1. The product H atoms formed from thenozzle, we see an added ring corresponding to extremely
vinyl radical photodissociation were ionized using a one-slow H atoms. The offset between the H atom spot and the
color (2+1) resonant enhanced multiphoton ionizationcenter of this ring indicates that there is velocity slippage
(REMPI) schemé® The probe light around 243 nm was gen- between the entrained H atoms and the vinyl radicals formed
erated by doubling the output of a seeded Nd-Y{&pectra- in the beam.
Physics GCR 290-30pumped dye lasefLaser Analytical Figure 3a) shows the translational energy distribution
Systems LDL operating at 729 nm inB-barium borate [P(E;)] for the H atom obtained from the inverse Abel
(BBO), then mixing the resultant UV light with the dye fun- transformed image of Fig.(d). The translational energy dis-
damental in a second BBO crystal. tributions were calibrated by measuring the speed of H atoms
The H" ion was accelerated toward an 80-mm diameterformed from the photodissociation of,8.22> The most no-
dual microchannel plategMCP) (Galileo 3075FM coupled ticeable feature is that the translational energy is peaked
to a phosphor screen and imaged on a fast scan chargaway from zergmaximum at 9.5 kcal/mo¢land that the two
coupled device camera with integrating video recof@ata  rings mentioned above at the outer edges show up as little
Design AC-101M. Camera threshold and gain were adjustechumps at 28.4 and 36.7 kcal/mol. Figurégis the transla-
in conjunction with a binary video look-up table to perform tional energy distribution for the inner ring obtained from the
integration of single ion hits on the MCP free of video noise.inverse Abel transformed image shown in Figh)2 peaking
Images were accumulated while scanning across the Dopplet 0.23 kcal/mol.

Skimmer

193 nm
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FIG. 3. (a) Translational energy distributions for H atoms obtained from the
image in Fig. 2a). (b) Same but from image shown in Fig(k2.

the radical, in conjunction with Monte Carlo modeling of the
experiment to address this problem.

FIG. 2. Data images for H atoms from photodissociation of the vinyl DISCUSSION

(C,H5) radical at 243.2 nm(@) Image of total distribution; O-limit for cold

ground-state vinylidene and 1-one quanta of C—H symmetric stretch in Figure 4 shows an energy diagram for the excited states

vinylidene. The bright spot is H atoms formed by photodissociation of ¢ \iny| radical accessible with the absorption of a 243 nm

C,H3Cl at the nozzle(see text (b) 5X magnified image showing slow H . L

atom distribution(see text (117.61 kcal/mc)l ph_ot(_)n, and the various vmylldem_e-l _and
acetylene-H dissociation channels. For a bond scission pro-
cess as shown below,

One revealing way to look at photodissociation dynam- 243 nm
ics and the nature of the excitation process is to observe the CoHz — HCCH+H+Ey,
angular distribution of the fragments. The image shown inthe bond dissociation energy can be obtained using energy
Fig. 2(a) does suggest that there is some anisotropy in theand momentum conservation by the following formula:
angular distributions resembling a perpendiculg=—1) MAX
dissociation, particularly for the outer rings. Interestingly, Do(CoHy=H)=Ephotor BT,
this is consistent with the nature of the electronic transitior\/\/hereE¥'AX is maximum release of translational energy if it
expected A”«+—A'") for both A andB state excitation of the is assumed that both the fastest products and the initial reac-
vinyl radical. This suggests that these outer rings showingant are internally cold. In fact, this represents an upper
anisotropy may well be associated with a prompt dissociabound for the dissociation enerdy,, if the former assump-
tion process. However, we have a complication with the detion holds, and a lower bound if the latter. The bond disso-
tection of very fast H atoms using our existing experimentalciation energy for gH;—~HCCH+H and GH;—H,CC+H
setup. Due to the finite duration of the probe pul$8@ n9,  channels is 33:60.8 and 81.6:3.5 kcal/mol, respectivel}’
and the small spot size required for the 2 REMPI detec- Hence if ground state acetylene and vinylidene are formed in
tion scheme for H atoms, very fast H atoms moving perpenthe photodissociation of the vinyl radical, their correspond-
dicular to the laser propagation direction will be less effi-ing H atoms should reflect a maximum total translational
ciently detected. In effect, this “flyout” will give rise to energy release of 84.0 and 36.6 kcal/mol, respectively. Ex-
anisotropy similar to that seen in our experiments. In futureamination of ourP(E;) from Fig. 3a) shows that we have a
studies we will use loosely focused Lymarradiation(1+1  small peak at 36.7 kcal/mol which corresponds to the
REMPI) with a second UV laser for the photodissociation of C,H;—H,CC(*A;)+H channel. Only 1.1% of the products
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appear at a higheE; (below the threshold for vinylidene vinylidene (A’ in C) product. The earlier calculations of
formation and these in fact may arise from “hot band” Paddon-Row and Popldéound a barrier of 7.4 kcal/mol for
contribution as discussed below. this out-of-plane rotation in thé state; this would be en-

Using negative-ion photoelectron spectroscopy, Ervintirely consistent with our observations. Meketlal. do not
et al** reported the C—H symmetric stretch for ground-stategive values for the barrier to interconversion between these
vinylidene to be 302530 cmi . On examination of our im-  species, so it is not clear whether our results arise from initial
age[Fig. 2@)] and the corresponding(Ey), we find the  excitation to theA or B states or both. The absence of
difference between the two outer rings, marked with the arground-state acetylene is not surprising given the geometric
rows in Fig. 3a), corresponds roughly to an energy differ- constraints of moving from the bent vinyl radical configura-
ence of 2900 cm'. Comparing these results with those of tion to a linear one of acetylene. It is important to note,
Ervin et al,?* we believe that the structure that we see at thenowever, that for energies a few kcal/mol above the vi-
outer edges of our image corresponds to internally colchylidene asymptote, isomerization to acetylene is rapid, and
ground-state vinylidenémarked “0”) and that with one g djstinction between these species is of limited significance.
quanta of C—H symmetric stret¢imarked “1”). Using the Figure 4 shows that based on most recent calculations,
published heats of formation for,8; (71.48 kcal/mol**  apart from forming ground-state vinylidene and acetylene,
and HES) (52.11 kcal/mo),** we derive the heat of forma- there are no other channels available for H atom formation
tion for vinylidene AH?(H,CC) to be 100.34.0 kcal/mol,  with the available photon energy of 117.6 kcal/mol. How-
which is in excellent agreement with the results of Ervinever, we do observe an additional channel giving rise to very
etal' slow H atoms. The results, summarized in Fih)3show a

An examination of theP(Ey) shows that the H atoms total translational energy release peaking at only 0.23 kcal/
formed concurrently with vinylidene are not peaked at zeramol. Examination of Fig. 4 shows that the nearest state avail-
but at 9.5 kcal/mol. This observation suggests either a barriegple to give rise to such slow H atoms must be the lowest
to the formation of Vinylidene from the dissociation of the trip|et state of acety|ene 292(5 382)_ This state correlates
vinyl radical or a direct, impulsive dissociation. At our exci- directly to the excited states, and involves little geometry
tation wavelength, thd(12A”) andB(22A”) excited states change from the excited radical to the product. The associ-
of the vinyl radical can be accesseHowever, these excited ated dynamics is thus likely to be direct. The excitation en-
states do not correlate to any ground-st#é) (products, and  ergy for this triplet state relative to ground-state acetylene
internal conversion from these species to the ground state Isas never been measured experimentally.
not possible. Calculations by Paddon-Row and ngmethe There has been considerable controversy surrounding the
A(°A") and Mebelet al’ for both theA(°A”) andB(?A”)  nature of triplet states of acetylene. Burton and HunZikei
states, show that twisted’ geometries exist for these ex- first identified the lowest triplet state of acetylene through Hg
cited states, which possess the correct symmetry to interaphotosensitized excitation of acetylene. On the basiatof
with the ground-state surface. This twisting is thus a necesinitio calculations, Kamméf predicted the first triplet state
sary step on the pathway from the excited species to grounde be more stable in itsis-bent form €B,) than in thetrans
state singlet products. The question then becomes the tinferm (°B,) by 2258 cm?, while for the second triplet it is
scale for dissociation following this twisting motion, and the opposite cis (*A,) being aboverans (*A,) by 1290 cm™.
location of the regions of the excited and ground-state surAn electronic dipole transition is allowed for theés geom-
faces where the coupling occurs. If the dissociation is fairlyetry ((A,—3B,) but parity forbidden for thetrans case
direct once the twisted geometries are attained, then our ol§?A, < 3B,). When this transition was not found in thet,
served 9.5 kcal/mol barrier likely is a manifestation of the Hg-photosensitization work of Burton and Hunzik&it was
transition state between these planar and twisted geometriespeculated that the lowest triplet might have tfans struc-
which is a necessary step on the path to the ground-statere. Subsequerb initio calculations by Demoulfd and by



4252 J. Chem. Phys., Vol. 110, No. 9, 1 March 1999 Ahmed, Peterka, and Suits

Wetmore and Schaeférhave confirmed Kammer's results CONCLUSION
that the lowest excited state of acetylene is ¢igbent g,
state. Wetmore and Schaefeearlier placed the electronic
excitation energyrelative to theX '3/ ground statg T, at
28200 cm' . Wendtet al?® reinvestigated the Hg excitation

of acetylene using photochemical modulation spectroscop}glt energies where interconversion between th&@ and

5 ) . ;
s oS e e oo o el CCH geometes s sufienty rapid t make e iinc

. ! : tion meaningless. The translational energy distributions are
lowest excited triplet state of acetylene to dis bent. Sub- 9 9y

30 o . consistent with a barrier of at least 9.5 kcal/mol to dissocia-
sequently, Lundberget al> noticed some anomalous vi-

. . . . . tjon for the vinylidene channel, which may arise from twist-
bronic states in the stimulated emission pumping spectra 9 g on the excited state surface necessary to lead to elec-

C2D,. The authors postulated that one plausible explanatior&omc symmetries that can couple to products. In addition, a

l’v.ot”(tj btetto I?werttr;e ex::ltgg%nzgner_gl%;ﬁr the us_-bent minor contribution is seen which is assigned to triplet acety-
riplet state of acetylene (e cm=. This was incon- lene[C,H,(a®B,)]. The heat of formation of vinylidene is

?ﬁtem with thﬁ besab _mglo results ﬁvi'lablle:t;_t t_hat t|r|ne. derived to be 100:834.0 kcal/mol, in agreement with litera-
e same authors carried out new higher leMelinitio cal- - ¢ yajues. We have also identified the C—H symmetric

C#Iatlons and foundlto thEIfl’ srltjdrprtl)se tba; instead of rllovrle”ngstretch in the vinylidene fragment. From the translational en-
the te_rm entlergy \I/a uis Ohtd s e_nta_ E’Z ;%Orgit:n_ht_e ergy release, we derive thd, for triplet acetylene
expenmgnta results, they had to raise |t_1320 0! er  C,H,(3°%B,) to be 28900 cm.
best estimate fol; was 305061000 cm >
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We have measured the translational energy release of H
atoms formed in the photodissociation of the vinyl radical
(C,H3) at 243.2 nm in a molecular beam. The primary prod-
uct is singlet vinylideng¢ H,CC(X ?A’)] or singlet acetylene
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